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(57) Abstract: The invention provides 
a method of forming a poiycryslalline 
semiconductor film (26) on a supporting 
substrate (21, 22) of foreign material. 
The method involves depositing a meta] 
film (23) onto the substrate, forming a 
film of metal oxide and/or hydroxide (24) 
on a surface of the metal and forming 
a layer of an amorphous semiconductor 
material (25) over a surface of the rneml 
oxide and/or hydroxide film. The entire 
sample is then heated to a temperature at 
which the semiconductor layer is absorbed 
into the metal layer and deposited as a 



£±*£! aU r layer (26) onio the*** surface by metal-induced crystallisation. The metal is teftaT!* o^y^^C^ffte 
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a polycrystajline layer as a seed layer The seed tever m* v • t» n OI a further noncrystalline iaycr using 
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FABRICATION METHOD FOR CRYSTALLINE SEMICONDUCTOR FILMS 

ON FOREIGN SUBSTRATES 

Introduction 

Hie present invention relates genet ally to the formation of thin semiconductor 
films for electronic device fabrication, and in particular the invention provides a 
method for the formation of thin potyaystalline semiconductor films on foreign 
substrates, using a thermal budget in each process step mat is compatible with the 
respective foreign substrate. Throughout mis text, the term polycrystaltine material 
means material that has an average crystal grain size of above 500 nm and the term 
thermal budget relates to the amount of heat applied during a process step (i.e., foe area 
below the temperature-time curve of the process step). ' 

BaekgrgB afl of the Invention 

Thin films of polycrystalline silicon (pc-Si) on glass or other foreign substrates 
are very attractive for a wide range of large-area electronic applications, including thin- 
film photovoltaic (TV) modules, active matrix liquid crystal displays (AMLCDs), and 
active matrix organic light emitting diode displays (AMOLEDs). Compared to 
amorphous Si (a-Si) films, their main benefits are higher carrier mobility in display 
applications and stable energy conversion efficiency and longer product lifetime in PV 
applications. Generally, one aims to realize c-Si grains with a grain size as large as 
possible. The use of glass substrates is attractive since they are cheap and transparent. 
However the limited thermal stability of commercially available low-cost glass 
substrates severely limits the allowable thermal budget of each fabrication step (as a 
rule of thumb, the glass temperature must not exceed 650°C if the process lasts 1 hour 
or more), resulting in the need for a new technology enabling good material quality at 
these low temperatures. 

As foe high melting point of semiconductors is a major obstacle for the 
formation of polycrystalline semiconductor films at low temperature on foreign 
substrates, past experimental work dealt primarily with the fabrication of 
nanocrystalline (or, equivalently, macrocrystalline) material. Such fine-grained (< 500 
nm) material is inevitably of rather low electronic quality. An overview of 
nanocrystalline silicon materials is given by Schropp and Zeman (Schropp and Zeman, 

'Amorphous and microcrystalline silicon solar cells", Khiwer Academic Publishers 

™ — - # 
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hydrogen-diluted plasma-enhanced chemical vapour deposition (PECVD) at a 
temperature in the range 200-600°C whereby the hydrogen is beneficial for both the 
semiconductor growth process and the passivation of dangling crystaUographic bonds 
within grains and at grain boundaries, A drawback of the hydrogen-diluted PECVD 
5 approach with regard to the manufacture of devices that require a rather thick 
semiconductor film (such as crystalline silicon solar cells) is the low deposition rate for 
nanocrystalline semiconductor material (much less man 1 nm/s in the case of Si). 

Compared to nanocrystalline material, polycrystalline material theoretically has 
a much better electronic quality, however achieving good-quality polycrystalline 
10 material at low temperature, on a foreign substrate has proven difficult to achieve. 
Methods for the low-temperature fabrication of polycrystalline semiconductor films on 
foreign substrates include solid-phase crystallisation of amorphous semiconductor 
material (Matsuyama et al., "High-quality polycrystalline silicon thin film prepared by 
a solid phase crystallization method", Journal of Non-Crystalline Solids 198-200, 
15 pp. 940-944 (1996).), solution growth (Shi et al., "Solution growth of polycrystalline 
silicon on glass at low temperatures", Proceedings First World Conference on 
Photovoltaic Energy Conversion, Hawaii, pp. 1579-1582 (Dec. 1994) (IEEE, New 
York, 1995).), laser-induced crystallisation of amorphous semiconductor material (Im 
and Sposili, "Sequential lateral solidification of thin silicon films on Si<V% Applied 
20 Physics Letters 69, pp. 2864-2866 (1996).), and metal-induced (or, equivalentty, metal- 
mediated) crystallisation of amorphous semiconductor material (Nast et al., 
"Aluminum-induced crystallization of amorphous silicon on glass substrates above and 
below the euteetic temperature", Applied Physics Letters 73, pp. 3214^3216 Nov. 1998, 
Wideoborg and Aberle, "Surface morphology of poly-Si films made by aluminium' 
25 induced crystallisation on glass substrates". Journal of Crystal Growth 242, pp. 270- 
282 (July 2002), and Jin eL al. "Nickel induced crystallisation of amorphous silicon 
thin films", Journal of Applied Physics 84, pp. 194-200 (July 1998) . 

All of the methods mentioned above have been limited by one or more of the 
following factors ;- 
3° i. long processing times, 

ii. rough surfaces, 
hi. highly doped films 
iv. small grain sizes. 
Despite a high level of research interest, none of them has as yet led to a 

— - ^^-P<?mmerciallv available p hotovoltaic device. The oreanisauon that has com e closest to a 

commercial low-cost thin-film polycxystalline silicon (pc-Si) photovoltaic product ^ 
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Pacific Solar Pty Ltd of Sydney Australia, producing modules at pilot line scale with an 
efficiency of about S %. 

For optimum results on foreign substrates, the preparation of polycrystalline 
material often involves a preliminary step that creates a thin polycrystalline "seed 
layer" on the substrate, whereby the electronic quality of this seed layer is not critical. 
Such seed layers can, in principle, be prepared by each of the methods mentioned 
above. 

The metal-induced crystallisation (MIC) process of amorphous semiconductor 
material as developed at the University of New South Wales (UNSW) (Nast and 
Haitmann, 'Influence of interface and Al structure on layer exchange during 
aluminum-induced crystallization of amorphous silicon", Journal of Applied Physics 
88, pp. 716-724 (July 2000)) is simple and fast and hence has significant industrial 
appeal. The metal and semiconductor must be chosen such that they can form a 
eutectic system, enabling crystallisation at low temperature without the formation of 
15 metal silicide. However, with respect to using the resulting polycrystalline 
semiconductor film for the fabrication of electronic devices or as seed layer, a 
significant problem of the MIC-prepared polycrystalline semiconductor film is the feet 
that it is covered by an overlayer consisting of metal and semiconductor inclusions, and 
that between die polycrystalline semiconductor film and the overlayer there exists an 
20 interfacial metal oxide and/or metal hydroxide film with which the semiconductor 
inclusions are in contact and securely connected (Widehborg and Aberle, "Surface 
morphology of poly-Si films made by aluminium-induced crystallisation on glass 
substrates", Journal of Crystal Growth 242, pp. 270-282 (July 2002)). 

The polycrystalline semiconductor film is of primary interest for device 
25 fabrication (such as thin-film transistors) or seed layer applications, and hence the 
metal+semiconductor overlayer and the metal oxide and/or hydroxide interfacial fil™ 
must be removed by a suitable processing sequence without significantly thinning or 
damaging the underlying polycrystalline semiconductor film. A conceivable way to 
achieve this consists in using a method that simultaneously and uniformly removes die 
30 metal-f semiconductor overlayer. This has proven to be a very difficult task because, in 
general, the etching rates for the different components of a composite material, such as 
the overlayer, are not identical. A possible candidate for this purpose is plasma ion 
etching. For the Si-Al system, the use of an argon plasma has been tested, however, 
this has proven unsuccessful due to non-uniform etching. Another possible candidate is 
^^^f^^^B^^S^S^^ pgjjg* Plasma. This process, however, appears 
unattractive due to its technical complexities, as discussed by Woll! and lauber (Wolt 
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and Tauber, "Silicon processing for the VLSI era" VoL 1, Lattice Press, CA, USA 
(1986). Pages 559 to 564). 

Given the difficulties with the above methods for uniform removal of the 
metal+semiconductor overlayer, selective (or nonsiwltaneous removal) approaches 
5 have been investigated. Teams at UNSW and elsewhere have investigated a wet- 
chemrcal method for removal of the metal (see Nast et at (above) and Niira et al 
Thin film poly-Si formation for solar cells by flux method and Cat-CVD method"' 
Solar Energy Materials and Solar Cells 69, pp. 107-114 (Sep. 2001).). However' 
because this method does not remove the semiconductor inclusions, this process creates' 
10 a very rough poIycrystaHine semiconductor surface that leads to numerous (and 
vutually insurmountable) problems during subsequent device processing. The creation 
of this rough surface will very likely have detrimental effects on the electrical 
performance of the devices or, in the case of seed layer apphcations, on the structural 
properties of a subsequently grown polycrystalline semiconductor film. 
15 Solid phase epitaxy (SPE) of semiconductors on native substrates is a known 

deposition method in the hterature (see for example A.V. Zotov and V.V. Korobtsov 
Journal of Crystal Growth 98 p. 519 (1989).). An amorphous semiconductor (for 
example silicon) ia deposited in ultra-high vacuum onto a cool substrate, which consists 
of the same semiconductor, and then annealed at a temperature high enough to achieve 
20 epitaxial crystallisation. The key feature in SPE is a crystallographic transferral of 
mformanon from the crystalline substrate into the growing epitaxial film and therefore 
this method is usually associated with a native high-quality crystalline substrate such as 
a silicon wafer and not with a foreign substrate such as glass. 

If the crystalline semiconductor substrate and the epitaxial film consist of the 
same semiconductor material, the growth method is known in the literature as homo- 
epitaxy. For two different types of crystalline semiconductor materials which have a 
close lattice match, a solid phase epitaxial growth is still possible. Such an epitaxial 
growth by one type of crystalline semiconductor grown on a different crystalline 
semiconductor substrate is known in the literature as hetero-epitaxy., 

Any discussion of documents, acts, materials, devices, articles or the like which 
has been included in the present specification is solely for the purpose of providing a 
context for the present invention. It is not to be taken as an admission that any or all of 
these matters form part of the prior art base or were common general knowledge in the 
field relevant to the present invention as it existed before the priority date of each claim 
of mis application. 
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Throughout this specification the word "comprise", or variations such as 
"comprises" or "comprising", will be understood to imply the inclusion of a stated 
element, integer or step, or group of elements, integers or steps, but not the exclusion of 
any other element, integer or step, or group of elements, integers or steps. 

5 

Summary of the Invention 

According to a first aspect, the present invention consists in a method of 
preparing a polycrystalline semiconductor film on a supporting foreign substrate, the 
method comprising: 

10 *• Depositing a metal film onto a target surface of the substrate on which the 

polycrystalline semiconductor film is to be formed; 
ii. Forming a film of metal oxide and/or metal .hydroxide on a surface of the 
metal; 

iii. Forming a layer of an amorphous semiconductor material over a surface of 
15 the metal oxide and/or metal hydroxide; 

iv. Heating the entire sample at a temperature at which the semiconductor 

layer is absorbed into the metal layer and deposited onto the target 
surface by metal-induced crystallisation (MIC) as a polycrystalline layer 
("MIC polycrystalline layer"), whereby the metal is left as an overlayer 
20 covering the deposited polycrystalline layer, with semiconductor 

inclusions in the metal layer, and the polycrystalline semiconductor film 
and the overlayer separated by a porous interfacial metal oxide and/or 
metal hydroxide film with which the semiconductor inclusions are in 
contact; 

25 v. Removal of the metal in the overlayer and the interfacial metal oxide 

and/or metal hydroxide film with an etch which under-etehes the 
semiconductor inclusions to form freestanding semiconductor islands 
weakly connected to the polycrystalline layer, without significantly 
t hinning the underlying polycrystalline semiconductor layer. 
30 vi. Removal of the free-standing semiconductor islands from the surface of 

the polycrystalline semiconductor layer by a lift-off process. 
As the polycrystalline semiconductor will always be highly doped due to metal 
incorporation, with a doping polarity corresponding to the metal used, a change of the 
doping polarity of the polycrystalline semiconductor can be induced by suitable process 
3 r i %fft^ffi^^N» bating of the poly^^a^^ea^oondactor in the vici nity of 

^ai^ng^o^n^^lbelmorpnous semiconductor. 
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Preferably the substrate provides a planar base on which the semiconductor 
material is supported. Preferably also a surface on which the semiconductor material is 
supported is textured to assist light trapping in the semiconductor material. 

In 801116 embodiments of the invention the substrate comprises a sheet of a 
5 substrate material on which a preliminary layer, such as a thin antireflecuon layer, is 
formed, and the target surface ia a surface of the prelmunary layer, however the target 
surface may also be a surface of foe substrate material on which the process of the 
present invention is performed directly. 

In various embodiments of the invention the substrate is a material selected from 
10 the group comprising sapphire, quartz, glass (float, borosilicate and other types), metal, 
graphite, ceramics, plastics and polymers. 

Embodiments of the invention may make use of a semiconductor material 
selected from the group comprising silicon, germanium, and an alloy of silicon and 
germanium. 

15 The metal used in various embodiments is selected such that the metal forms a 

eutectic solution with the selected semiconductor. For example the metal may be 
selected from foe group of metals comprising Be, AL Zn, Ga, Ag, Cd, In, Sn, Sb and 
Au. In the preferred embodiment, the semiconductor material is silicon, the metal is 
aluminium, and the substrate material is glass. 
20 The formation of foe metal oxide and/or metal hydroxide film can result in a . 

film of relatively pure metal oxide, a film of relatively pure metal hydroxide, or a 
mixture of the two. To form an oxide film the metal layer is oxidised in a dry oxygen 
containing atmosphere (i.e. 0% relative humidity) at room temperature (i.e. 22° ± 1°) 
for an appropriate period which may vary according to the metal and the concentration 
25 of oxygen in foe atmosphere. To form a hydroxide film the metal layer is hydro- 
oxidised in an oxygen containing atmosphere containing 100% relative humidity at 
room temperature (i.e. 22° ± 1°) for an appropriate period which again may vary 
according to the metal and the concentration of oxygen in the atmosphere. It is also 
possible to form a hydroxide film by inunersing foe aluminium surface into water at 
30 room temperature (i.e. 22° ± 1°) or at an elevated temperature. To achieve a mixture of 
metal oxide and metal hydroxide foe process is performed in a semi-dry oxygen 
containing atmosphere (0% < relative humidity < 100%). For less reactive metals this 
step may be performed at higher temperatures to speed up the process. The metal oxide 
and/or metal hydroxide film is preferably formed to a thickness in foe range of 2 to 30 
-— «L ^oyeyer thicker films will also allow the process to worir ^beit possibly at tfa e .net 
of longer processing fones. The result of a longer e^cWe^eTs'potentially a thicker 
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xnterfacial film which may slow subsequent processing, however as the mterfacial film 
growth is substantially self limiting this is not likely to be a problem. The result of a 
shorter exposure time will be a thinner and less uniform interfacial film, resulting in a 
fester and less controllable MIC process and potentially a failure of the etch to fully 
underetch the islands. 

In the preferred embodiment a thin aluminium hydroxide film is grown by 
hydro-oxidising the surface of the aluminium layer in an air atmosphere containing 
100% relative humidity. To form an aluminium hydroxide film of sufficient thickness, 
the aluminium surface is exposed to air for at least 1 hour at room temperature G-e. 22° 
* 1°) and a pressure of 1 atmosphere. However, the oxidation process slows down as 
the film grows and is essentially self limiting, so that there is no upper limit to the 
useful time of exposure. Experiments in which an aluminium surface was exposed for 
two months resulted in a useful MIC polycrystalline layer, however practically 
speaking a period of 24 hours is usually employed. Increasing the temperature while 
the hydroxide film is growing will decrease the iriinimum time required. 

If instead of an aluminium hydroxide film an aluminium oxide film is grown, 
the surface of the aluminium layer is exposed to a dry air atmosphere (0% relative 
hurmdity) for at least 6 hours at room temperature (ie. 22° ± l»).and a pressure of 1 
atmosphere. As with hydroxide films, the process slows down as the film grows and is 
essentially self limiting so that there is no upper limit to the useful time of exposure. A 
period of 24 hours is usually employed. Again increasiug the temperature while the 
oxide film is growing will decrease the minimum time required. 

If forming a film which is a mixture of alununium hydroxide and aluminium 
oxide, the surface of the aluminium layer is exposed to a semi-dry air atmosphere (0% 
< relative humidity < 1 00%) for at least 1 hour at room temperature (i.e. 22° ± 1°) and a 
pressure of 1 atmosphere. As with oxide and hydroxide films, the process slows down 
as the film grows and is again essentially self limiting with no upper limit to the useful 
time of exposure. A period of 24 hours is usually employed. Similarly, increasing the 
temperature while the oxide/hydroxide film is growing will decrease the minimum time 
required. 

The term aluminium oxide, as used herein, should be understood to include any 
compound or complex containing aluminium and oxygen for example a-Al 2 0 3 or y- 
AkCV Similarly, the term aluminium hydroxide, as used herein, should be understood 
to include any compound or complex between alurnmium, oxygen and hydrogen, for 
example: boeh mite, pseudoboehmite, bayerite, or gjbbsite 
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For the Al-Si system, the Al and Al oxide and/or hydroxide etch is preferably 
performed with a phosphoric acid solution, using a 100% solution of S5% phosphoric 
acid, at about 130'C ± 3 » for about 20 minutes ± 30 sees. Weaker solutions of 
phosphoric acid may also be used with a corresponding increase in etching time. 
5 Alternatively the etch may be performed with other acids such as hydrochloric acid. 

Embodiments of the invention may make use of a lift-off process selected from 
me group comprising an acoustic treatment in de-ionized water or other solutions, a 
brush scrubbing process, or a hydrodynamic jet process. 

Preferably the method will include a further processing step wherein, upon 
10 completion of the lift-off or doping step, a uniform surface treatment is perfonned to 
improve the surface finish of the sample prior to subsequent use of the semiconductor 
film for device fabrication or as a seed layer. The uniform surface treatment may be 
selected from the group comprising a KOH etch, a NaOH etch, a HF/HNO3 etch, a 
H3PO4 etch, an argon plasma etch, or a combination of these, 

The metal layer will he in the range of 30 - 500 nm thick and preferably 200 
nm± 10 % thick. The amorphous semiconductor layer used in the metal-induced 
crystallisation process is preferably greater in thickness than the metal layer and will 
preferably be in the range of 30 - 750 nm thick. When a 200 nm ± 10 % metal layer is 
used the amorphous semiconductor layer will be preferably 300 nm ± 10 % thick. 

The metal-induced crystallisation step is preferably performed by aimealing the 
sample at a temperature at or below 650°C and preferably at or below 500*C for 2 
hours. 

According to a second aspect, the present invention consists in a method of 
forming a film of polycrystalline semiconductor material on a supporting substrate of 
25 foreign material, the method comprising: 

i- Forming a polycrystalline seed layer of a seed layer semiconductor 
material onto a target surface of the substrate on which the 
polycrystalline semiconductor film is to be formed; 
ii. Cleaning the surface of the seed layer to remove any oxides or other 
30 contaminants; 

iiL Forming, over the cleaned surface of the seed layer, an amorphous layer 

of the semiconductor material to become the polycrystalline film; 
iv. Heating the substrate with the amorphous layer to crystallise the 
amorphous semiconductor material by solid phase epitaxy (SPE) to form 

ients the polycrystalline film formed according to the first 
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aspect is used as the seed layer of the second aspect of the invention. 

The amorphous layer may be undoped when formed but preferably dopant 
atoms may be added to me amorphous material as it is formed. Alternatively the 
se^conductor layer may be doped after it is formed as an amorphous layer or after it is 
o . ciystallisecL 

la case of closely lattice matched crystalline semiconductor . materials, the 
amorphous layer deposited on the clean surface of the crystalline seed layer and the 
seed layer itself can be different semiconductor materials (Tretero^itaxiar solid phase 
epitaxy). One example of such a hetero-epitaxial process is solid phase epitaxy of 
10 gexmamum on a crystalline silicon seed layer. In this context, the crystaLe 
senuconductor material can consist of an alloy between two or more semiconductor 
materials. The composition of the alloy can vary throughout the semiconductor film. 
^ In preferred embodiments the amorphous semiconductor film is formed using a 
mgb^vacrrum or ullxa-high-vacuum electron-beam evaporation deposition process at a 
15 substrate temperature in the range of 20 - 650 °C and particularly preferred at a 
substrate temperature of 150 °C and a pressure in the range of (0.2-l)x l( r 7 Torr 

^ la the SPE crystallisation step, the substrate and amorphous layer are preferably 
heated to a temperature in the range of 200 - 650»C for a period of up to 7 days to 
crystallise the amorphous semiconductor material, and in a particularly preferred form 
of the invention the substrate and amorphous layer are heated to a temperature of 540 =fc 
5-C for a period of 17 ± 0.1 hours to crystallise the amorphous semiconductor material 

The amorphous semiconductor material layer may be doped n- and/or p-type 
during the semiconductor deposition process (Le., ir^itu). In the case of electron beam 
evaporation of the semiconductor material, this can be realised using resistively heated 
dopant effusion cells for n- and p-type dopants located in the vacuum electron-beam 
evaporation chamber. 

The semiconductor material formed over the cleaned seed layer is preferably a 
material selected from the group comprising silicon, germanium, and an alloy of silicon 
and germanium. 

30 Preferably also the step of cleaning the seed layer surface comprises the further 

steps of: 

i. immersing the surface for 10 rninutes in a fresh 1:1 mixture of 
hydrogen peroxide and sulfuric acid; 

ii. rinsing the surface in de-ioni2ed water, 
jf „ . , ,j mm ? s j n g *fe . s y T & t * > for 30 seconds in diluted f5? 
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iv. immersing the surface in de-ionized water; and 

v. drying the surface with gaseous nitrogen. 

This process attaches hydrogen atoms to dangling bonds at the semiconductor 
surface, preventing oxidation of the surface for up to 60 niinutes. Preferably the 
5 substrate is transferred to the semiconductor deposition chamber within 60 minutes of 
completion of the cleaning step to enable deposition onto an uuoxidized surface and 
more preferably within 5 minutes. 

The substrate is preferably a material selected from the group comprising quartz, 
glass (including float glass, borosilicate glass and other glass types), metal, graphite, 
10 ceramics, plastics and polymers. 

In preferred embodiments me SPE polyciystalline layer is used to form a solar 
cell and the thickness of the layer is in the range of 0.5 to 3 urn. Preferably also 
electron beam evaporation is used as semiconductor deposition process and the 
amorphous material for this layer is deposited at a rate of up to 2 urn/min. Preferably 
15 also the deposition rate should be greater than 100 Wmin to minimise 1he impurity 
density (mainly oxygen, nitrogen and carbon) in the growing film caused by the 
vacuum chamber and its components. In the most preferred embodiment of the 
invention a deposition rate of about 250 ± 20 um/min is used. 

20 Brief Description of the Drawings 

Embodiments of the invention will now be described, by way of example, with 
reference to the accompanying drawings in which: 

Fig. 1 illustrates a first step in fabrication of a thin-film polyciystalline layer 
where a silicon nitride (SiN) layer is deposited onto a clean, planar glass substrate; 
25 Fig. 2 illustrates the sample of Fig. 1 after a thin (200 nm) aluminium layer is 

deposited (for example by evaporation) onto the SiN layer; 

Fig. 3 illustrates the sample of Pig. 2 after the aluminium layer has been 
oxidized at room temperature, producing a thin aluminium oxide and/or hydroxide 
laver over the aluminium foyer; 
30 Fig 4 illustrates the sample of Fig. 3 after a thin film (300 nm) of amorphous 

silicon (a-Si) has been deposited; 

Fig. 5 illustrates die sample of Fig. 4 after the amorphous silicon has been 
crystallized by aluminium-induced crystallisation (AIC) at temperatures below 500°C 
for 2 hours in a nitrogen-purged atmospherio-pressure furnace, leaving a metal layer 
3L jSlg WftoMsed sflopn and separ ated from it by a thinjnetal ox ide and/or 
hydfosade iayeiS with crystalline silicon inclusions in the overiayer; 
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Fig. 6 iUustrates the sample of Fig. 5 after the metal in the overlayer and the 
metal oxide and/or hydroxide film has been removed, leaving free-standing crystalline 
silicon islands on the AIC polycrystalline layer; 

Fig. 7 illustrates the sample of Fig. 6 after me smcon islands have been removed 
by the lift-off step and a AIC polycrystalline silicon film with a wafer-like smooth 
surface has been obtained. 

Fig. 8 shows a microscopical image (using a focussed ion beam (FIB) 
microscope) of the top surface of the sample of Fig. 7, demonstrating large crystal grain 
size. 

Fig. 9 graphically illustrates a comparison between the measured reflectance of 
a high-quality commercial singlecrystalline silicon wafer and the AIC polycrystalline 
silicon film formed with an AIC process according to the present invention on planar 
glass; 

Fig. 10 iUustrates the sample of Fig. 7 after an amorphous n-type (800 nm thick) 
15 and ~5xl0*« cm" 3 phosphorus doped silicon layer and an amorphous n + -rype (100 nm 
and -2xl0 19 cm' 3 phosphorus doped) silicon layer have been deposited on the AIC 
polycrystalline silicon seed layer; 

Fig. 11 iUustrates the sample of Fig. 10 after a solid phase epitaxy (SPE) process 
has been performed to crystallise the amorphous silicon layers. 
20 Fig. 12 schematicaUy iUustrates a vacuum evaporation chamber in which the 

amorphous layers seen in Fig. 10 are deposited by electron-beam evaporation and in- 
situ doped using resistively heated effusion cells for n- and p-type dopants; 

Fig. 13 shows a FIB microscopical image of the surface of the sample of Fig. 
1 1, demonstrating large crystal grain size; and 

Fig. 14 graphically illuslrates a comparison of the reflectances of a high-quaUty 
commercial singlecrystalline silicon wafer, the AIC polycrystalline silicon seed layer 
and the SPE polycrystalline silicon film shown in the microscopical image of Fig. 13. 

Detailed Description nf 5tp Embodiment of the Inve ntion 

30 An embodiment of the invention will now be described which has demonstrated 

an ability to produce large-grained, island-free polycrystalline silicon with arbitrary 
doping on planar glass substrates. However, while the process is described for a silicon 
film on a glass substrate it will be appreciated that the process is also applicable to 
other semiconductors and foreign substrates. 
5 The formation of a devioe-quahty polyqystaUin e siUcon layer on glass is a two- 

step 1 process, the 1 first or wlucfi Vto "form a highiqu^ a ty see d lay^ and the second is 



25 



35 
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foim the device-grade layer over the seed layer. The formation of the seed layer 
involves the low-temperature <£ 650°Q formation of a polycrystalline semiconductor 
film on a supporting substrate by means of metal-induced crystallisation (MIC) of 
amorphous films of the same semiconductor material and is schematically shown in 
5 Figures 1 and 6. The metal and semiconductor must be chosen such that they can form 
an eutectic system, and for the purpose of this example silicon and ahnaimum are used, 
however it will be recognised that other semiconductor/metal combinations can be 
selected from the groups of semiconductors and metals given above. 

Referring to Fig. 1, the first step of the process is the deposition (for example by 
10 PECVD or reactive sputtering or reactive evaporation) of a silicon nitride (S£N) layer 
22 onto a clean glass substrate 21 . The SIN layer acts as a barrier layer for impurities 
from the glass and, if the thickness is suitably chosen, as an antireflection coating (AR 
coating). Next as seen in Fig. 2, an approximately 200 nm thick aluminium layer 23 is 
deposited (for example by vacuum evaporation) onto the SiN layer 22. An aluminium 
15 hydroxide film 24 is then grown by exposing the aluminium layer 23 to an air 
atmosphere containing 100% relative humidity at room temperature (i.e. 22° ± 1°) for 
24 hours at 1 atmosphere pressure, to produce foe result as seen in Fig. 3. 

Over the hydroxide film 24 is deposited about 300 nm of amorphous silicon 25 
(a-Si) by sputtering (or evaporation or PECVD) as illustrated in Fig. 4. Layers 23, 24 & 
20 25 are the pre-cursors for the aluminium-induced crystallization (AIC) process. The 
sample is then annealed at temperatures at or below 650° and preferably at or below 
500°C for 2 hours in a nitrogen-purged atmospheric-pressure furnace to cause 
crystallisation of the amorphous silicon by the AIC process. 

During the AIC process foe aluminium and the silicon exchange the place and 
26 the a-Si is crystallised. Furthermore, on top of foe 200 nm crystalline silicon 26 an 
overlayer 27 consisting of aluininium 29 and crystalline silicon inclusions 28 is formed, 
resulting in the arrangement seen in Figure 5. In addition, there is a thin (-30 nm) 
porous mterfacial film 30 consisting of aluminium hydroxide and/or aluminium oxide 
between the polycrystalline silicon film 26 and foe overlayer 27. The porous mterfacial 
30 film 30 varies in thickness laterally and may contain a few pinpoint areas with direct 
contact between foe polycrystallhie silicon film 26 and the crystalline silicon 
inclusions 28. The crystalline silicon inclusions 28 are strongly connected to foe 
underlying porous interracial film 30 which is strongly connected to foe underlying 
silicon film 26. Due to diffusion of Si through foe mterfacial film 30 during foe AIC 
. 35 proce^, foe mterfacial fihn 30 may contain small amounts of Si contaminants. 
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The aluminium 29 and aluminium hydroxide and/or aluminium oxide film 30 of 
the overlayer 27 are etched off to achieve the state shown in Fig. 6. This etch 
preferably uses a phosphoric acid solution, comprising a 100% solution of 8S% 
Phosphoric acid at about 130°C for about 20 minutes. Weaker solutions of phosphoric 
5 acid may also be used, with a corresponding increase in etching time. This etch 
removes the aluminium hydroxide layer and/or alunmuum oxide 30 without 
significantly etching the underlying polyc^staffine silicon layer 26, and by means of 
lateral underetching, the etch also removes the aluminium hydroxide and/or aluminium 
oxide layer 30 below the silicon islands 28, thereby significantly decreasing the 
1 0 adhesion of the semiconductor islands 28 in Fig. 6. 

The significantly decreased adhesion strength between the silicon islands 28 and 
the polycrystalline layer 26 makes possible a simple lift-off process to achieve removal 
of the silicon islands. A cleaning sequence is used to effect lift-off of the silicon 
islands 28, an example being ultrasonic treatment in deionized water in combination 
15 with a brush scrubbing process of the sample of Figure 6, to thereby produce a 
polycrystalline silicon film with uniform thickness on the substrate. An additional, 
optional, processing step is a uniform surface treatment that improves the surface finish 
of the sample prior to subsequent device fabrication or use as a seed layer. Figure 7 
shows a schematic representation of a sample prepared to this stage in accordance with 
20 an embodiment of the present invention. 

The sample seen in Fig. 7, which is a polycrystalline silicon film formed with 
the above AIC process on planar glass, shows a wafer-like smooth surface, and as seen 
in the FIB (focused ion beam) picture of Fig. 8 the grains of the polycrystalline silicon 
film are up to 20 um wide, with an average width of about 10 um. It is anticipated that 
25 grain Sizes of up to 100 um or more can be expected to be produced by this process. 
Experimentation has shown that a Si island free surface such as this is a key 
requirement for high material quality in the subsequent sohd phase epitaxy step. The 
AIC polycrystalline silicon film shown in Fig. 7 is of exceptional material quality and 
highly p-type due to the Al content of about 2xl0 w cm 3 . If a doping polarity change is 
30 desired, the sample can be heated to 900°C, for up to 5 minutes, in the vicinity of an re- 
type spin-on doping source. An n-type AIC polycrystalline silicon film can then be 
formed with a low resistivity in the order of 0.002 12cm. To prevent sticking of the 
glass, a graphite substrate holder is preferably used during the high-temperature anneaL 
The UV reflectance of a silicon sample is a direct measure of its material 
35 qu*Mty> The reflectance of the sample seen in Fig. 7 w a s meas ured and compared with 

matef ah^utuir^ Ttere Su fo of mat " — 
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comparison can be seen in the graph of Fig. 9. The difference is less than 2 % and 
clearly demonstrates the good material quality of the AIC film 

To fabricate a solar cell from the -200 nm crystalline Si layer (a so-called "seed 
layer") produced by the process described above, fee silicon must be thickened to a 
5 total of 0-5-3 nm to absorb most of the incident sunlight In the subsequent solid phase 
epitaxy step the crystalline information of the seed layer is exploited and transferred 
into the subsequently formed crystalline layers. 

To create a contamination and oxide free interface on the crystalline silicon seed 
layer 26, which is a crucial requirement for epitaxy, the seed layer is first immersed for 
10 10 minutes in a fresh 1:1 mixture of hydrogen peroxide and sulfuric acid, followed by a 
rinse in de-ionized water, then immersed for 3Q seconds in diluted (5%) hydrofluoric 
acid, then immersed in de-ionized water and then dried with gaseous nitrogen (using a 
"nitrogen gun"). The samples are then immediately transferred into the amorphous 
silicon deposition apparatus. The chemical procedure described above creates a 
15 hydrogen-tenninated silicon surface (i.e., hydrogen atoms are bonded to the silicon 
surface atoms), which suppresses the re-growth of a &hcon oxide film on the surface 
for quite some time (in order of 30 minutes at room temperature). 

Using a high-vacuum electron-beam evaporation process, an amorphous n- orp- 
type (~5xl0 16 on 3 phosphorus or gallium) silicon layer 31 and an amorphous n + -type 
20 0-2X1O 1 * cm" 3 phosphorus) silicon layer 32 are deposited at approximately 150°C in 
one run (i.e., without interrupting the silicon deposition) to produce die structure seen 
in Fig. 10. The combined thickness of layers 31 and 32 is approximately 1 and is 
deposited at a rate of about 250 nm/min. Both the high rate and the high vacuum 
ensure semiconductor-grade material, which is essential for solar cells. The high rate 
25 allows the whole structure to be formed within less than 10 minutes. Other methods 
like PECVD need much longer for the same thickness. 

Referring to Fig. 12, the high-vacuum evaporation process is performed in an 
electron-beam evaporator for silicon evaporation 41 comprising a high-vacuum 
chamber 42 which is continuously evacuated using a high-vacuum pump 43. The high- 
30 vacuum pump 43 operates through a valve 44 which, to avoid damage to the high- 
vacuum pump 43, is only open if the chamber pressure is below the maximum 
operating pressure of the pump. The chamber is pumped down to this maximum 
pressure by a second, low-vacuum pump (not shown). * In operation a base pressure of 
5xl0" 7 Torr or lower is required to ensure low contamination levels in the deposited 
35 a morph ous silicon- The sample 45 is transferred into the chamber via a loadlock 56 
and then heated to~ the desired temperature by fialogen lamps 4o enclosed in a 
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molybdenum housing 47. A valve 59 between the loadlock 58 and the chamber 42 is 
used to separate the chamber 42 from the loadlock 58 while the loadlock is pumped 
down to a pressure of below the maximum operation pressure of the high-vacuum 
pump 43. The valve 59 is preferably opened at pressures in the loadlock 58 which are 
S low enough to nfoumise the contamination of the chamber 42. As shown in Fig. 12 the 
sample 45 is heated from the back side (i.e. through the glass substrate) and the silicon 
side is oriented to free the melting pot 48 which holds solid silicon for thermal 
evaporation and subsequent deposition on the surface of the sample 45. The silicon 
within the melting pot is melted by an electron beam 56 created by an electron gun 55 
10 and directed onto the silicon source material 57 using magnetic fields (not shown). 
There are additionally two resistively heated effusion cells 49, 51 for in-sita gallium 
and phosphorus doping during deposition. A shutter 52 is positioned between foe 
sample and foe e-beam evaporator to shield foe sample until foe silicon deposition 
process is ready to commence, 
is The structure of Fig. 10 is foe pre cursor for the following crystallisation step 

known as (homo-epitaxial) solid phase epitaxy (SPE). If a hetero-epitaxial SPE process 
is desired, foe silicon within foe melting pot is replaced by germanium for example and 
subsequently melted by foe electron beam 56 created by the electron gun 55 as 
described above. If hetero-epitaxial SPE of a siUcon-gennanium alloy is desired, two 
20 separate melting pots can be used, one for silicon and one for germanium materials, and 
by foe way of co-evaporation foe amorphous sificon-gennanium alloy to be crystallised 
by hetero-epitaxial SPE is deposited on foe polycrystalline silicon seed layer. 

The SPE process is performed by a lamp-heated vacuum annealing process at 
about 540OQ whereby foe halogen lamps 46 iUuminate foe silicon through the glass 
25 substrate 21. This process can be performed with a significantly reduced vacuum to 
that of the deposition step and a vacuum of 5x10"* Torr is adequate. . Alternatively, foe 
SPE process may be performed in a nitrogen-purged atmospheric-pressure furnace. 
The doped amorphous silicon layers 31 and 32 of Fig. 10 folly crystallize within 17 
hours, starting from foe underlying AIC seed layer, to produce foe structure of Fig. 1 1, 
30 in which foe obtained doped crystalline silicon layers 33 and 34 have a similar 
crystalline structure and material quality as that of foe seed layer 26. For certain device 
applications (for example solar cells) it is necessary to increase foe fraction of 
electrically active dopant atoms by subjecting foe sample to a short (< 5 minutes) high- 
temperature anneal in foe range 700 - 1000 °C. To prevent sticking of the glass, a 
35 graphite substrate holder is preferably used during foe high-temperature anneal. The 
"^in^STluafet of such * rapid meimal process is siiMam^mrig^W&£$^6fe-~~ 
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with commercially available glass substrates. The FIB picture seen in Pig. 13 shows 
similarly large grains as those seen in the thin crystalline seed layer (see Fig. 8). Also 
no surface roughness is visible in the FIB image. 

Referring to Fig. 14, the UV reflectance, measured on the sample of Figure 13 
5 (dashed curve in Fig- 14) shows very similar characteristics to that of the AIC seed 
layer 26 (dotted curve in Fig. 14). The small differences that are apparent are believed 
to be due to an oxide present on the surface of the finished silicon fi1m J which was not 
removed prior to the reflectance measurement 



Sample ) 


Peak (cm' 1 ') 


| FWHM (can' 1 ) | 


Intensity 


Silicon reference 


518.9 ±0.2 


6.3 ±0.2 


10700 ±500 


AIC seed layer ' 


522.2 ± 0.6 


6.8 ± 0.2 


1800 ± 100 


Finished film 


519.2 ± 0.3 


6.7 + 0.4 


6200 ± 1600 



10 Table 1 



Since both FIB and UV reflectance exclusively probe the near-surface region of 
a sample, Raman measurements were performed on a silicon wafer reference, the AIC 
seed layer, and the finished device. Raman measurements probe the material quality of 

15 the bulk of the films (penetration depth of used Raman laser light ca. 1-2 pm). High 
intensity but mostly narrow peaks were observed, which are clear signs of good 
material quality. The full width at half maximum (FWHM) of the fabricated sample 
differs only marginally from the silicon wafer reference and is only slightly lower in 
intensity, which can be attributed to the lower thickness of the fabricated filtn Results 

20 ofthe Raman measurements can be seen in Table 1. 

The low thermal budget (which is compatible with commercial glass), the high 
deposition rate for the deposition of the main material (layers 3 1/33 and 32/34) and the 
simplicity of the process, which does not include die use of toxic gasses, make it a very 
attractive technique for industrial applications. 

25 It will be appreciated by persons skilled in the art that numerous variations 

and/or modifications may be made to the invention as shown in the specific 
embodiments without departing from the spirit or scope of the invention as broadly 
described. The present embodiments are, therefore, to be considered in all respects as 
illustrative and not restrictive. 
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Claims: 

1- A method of forming a polycrystalline semiconductor film on a supporting 
substrate of foreign material, the method comprising; 

L Depositing a metal film onto a target surface of the substrate on which the 
5 polycrystalline semiconductor fihn is to be formed; 

ii. Fo rming a film of metal oxide and/or metal hydroxide on a surface of die 

metal; 

iii. Forming a layer of an amorphous semiconductor material over a surface of 

the metal oxide and/or metal hydroxide film; 

10 i v - Heating the substrate, the metal, the metal oxide and/or metal hydroxide 

film and the amorphous semiconductor Tnatm*\ to a temperature at 
which the semiconductor layer is absorbed into the metal layer and 
deposited onto the target surface by metal-induced crys tallis ation (MIC) 
as a polycrystalline layer, whereby the metal is left as an overlayer 

15 covering the deposited polycrystalline layer, with semiconductor 

inclusions in the metal layer, and the polycrystalline semiconductor film 
and die overlayer separated by a porous interfacial metal oxide and/or 
metal hydroxide film, with which the semiconductor inclusions are in 
contact; 

20 v - Removing the metal in the overlayer and the interfacial metal oxide 

and/or metal hydroxide film with an etch which underetches the 
semiconductor inclusions to form freestanding islands weakly connected 
to the polycrystalline layer, without significantly thinning the uiiderlying 
polycrystalline semiconductor layer; 

25 vi- Removing the freestanding semiconductor "islands' 1 from the surface of 

the polycrystalline semiconductor layer by a lift-off process. 

2. The method of claim 1 wherein the substrate provides a planar base on which 
the semiconductor material is supported, 

3. The method of claim 1 or 2 wherein a surface on which the semiconductor 
30 material is supported is textured to assist light trapping in the semiconductor material. 

4. The method of claim 1, 2 or 3 wherein the substrate comprises a sheet of 
substrate material over which a preliminary layer is deposited and the target surface is a 
surface of the preliminary layer. 

5. Hie method of claim 4 wherein which the preliminary layer is a silicon nitride 
36 or aluminium oxide or silicon oxide film. 
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6. The method as claimed in any one of claims 1 to 5 wherein, as a result of the 
MIC step, metal atoms are left in the porycrystalline layer which act as dopants and 
after the lift-off process, the polycrystalline semiconductor layer is doped with a dopant 
which overcompensates the doping caused by the metal atoms left in the polycrystalline 

5 layer after the MIC step, thereby causing the polycrystalline semiconductor layer to 
have an overall doping polarity which is opposite to that which would occur due to the 
metal atoms alone. 

7. The method of claim 6 wherein the dopant overcompensation is achieved by 
depositing a spin-on dopant film onto the polycrystalline semiconductor film, heating 

10 of the sample, and removal of the spin-on dopant film 

8. The method of claim 6 wherein the dopant overcompensation is achieved by 
heating of the polycrystalline semiconductor layer in a gas atmosphere containing 
dopant atoms. 

9. The memod as claimed in any one of claims 1 to 5 wherein, as a result of the 
15 MIC step, metal atoms are left in the polycrystalline layer which act as dopants and the 

amorphous semiconductor material is doped during its formation with atoms that 
produce an opposite-polarity doping when compared to the polarity of doping caused 
by the metal atoms left in the polycrystalline layer after the MIC step, the opposite 
polarity doping being sufficient to overcompensate for the presence of the metal atoms 
20 whereby after the MIC step the net doping is opposite in polarity to that which would 
be produced by the metal atoms alone. 

10 The method as claimed in any one of claims 1 to 9, wherein the substrate is a 
material selected from the group comprising sapphire, quartz, glass (including float 
glass, borosilicate glass and other glass types), metal, graphite, ceramics, plastics and 
25 polymers. 

1 1. The method as claimed in any one of claims 1 to 10, wherein the polycrystalline 
semiconductor film is of a semiconductor material selected from the group comprising 
silicon, germanium, and an alloy of silicon and 

12. The method as claimed in any one of claims 1 to 11 wherein the metal is 
30 selected such that the metal forms a eutectic solution with the selected semiconductor. 

13. The method of claim 12 wherein the metal is selected from the group of metals 
comprising Be, AI, Zn> Ga, Ag, Cd, Tn> Sn, Sb and Au. 

14. The method of claim 13 wherein the semiconductor is silicon and the metal is 
aluminium. 
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15. The method of claim 14 wherein an aluminium hydroxide film is formed by 
exposing the aluminium layer to an air atmosphere containing 100% relative humidity 
at room temperature (22* ±1°) for more than 1 hour at 1 atmosphere pressure. 

16. The method of claim 14 wherein an aluminium hydroxide film is formed by 
5 exposing the aluminium layer to an air atmosphere containing 100% relative humidity 

at room temperature (22° ± 1°) for at least 24 hours at 1 atmosphere pressure. 

17. The method of claim 14 wherein an aluminium oxide film is formed by 
exposing die aluminium layer to a dry air atmosphere (i.e. containing 0% relative 
humidity) at room temperature (22° ± 1°) for more than 6 hours at 1 atmosphere 

10 pressure. 

18. The method of claim 14 wherein an aluminium hydroxide film is formed by 
exposing the aluminium layer to a dry air atmosphere (ile. containing 0% relative 
humidity) at room temperature (22° ± 1°) for at least 24 hours at 1 atmosphere pressure. 

19. The method of claim 14 wherein a film comprising a mixture of aluminium 
15 hydroxide and aluminium oxide is formed by exposing the aluminium layer to a semi- 

dry air atmosphere containing a relative humidity of more than 0% and less than 100% 
at room temperature (22° =fc 1°) for more than 1 hour at 1 atmosphere pressure- 

20. The method of claim 14 wherein a film comprising a mixture of aluminium 
hydroxide and aluminium oxide is formed by exposing the al uminium layer to a semi- 

20 dry air atmosphere containing a relative humidity of more than 0% and less than 100% 
at room temperature (22° =fc 1 °) for at least 24 hours at 1 atmosphere pressure- 

2 1 . The method as claimed in any one of claims 1 to 20 wherein the metal and metal 
oxide and/or metal hydroxide etch is performed with a phosphoric acid solution. 

22. The method of claim 21 wherein die phosphoric acid solution is a 1 00% solution 
25 of 85% phosphoric acid, and the etch is performed at 130°C =fc 3°C for 20 minutes ± 30 

seconds. 

23. The method as claimed in any one of claims 1 to 22 wherein the lift-off process 
is selected from die group comprising an acoustic treatment in a solution bath, a brush 
scrubbing process, or a hydrodynamic jet process. 

30 24. The method as claimed in any one of claims 1 to 23 wherein the lift-off process 
is an brush scrubbing process. 

25. The method as claimed in any one of claims 1 to 24 wherein the method further 
includes the step o£ upon completion of the lift-off process, performing a uniform 
surface treatment to improve the surface finish of the sample prior to subsequent use of 
35 the semiconductor film. 
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26. The method of claim 25 wherein the further step is an etch step comprising one 
or more etches selected from the group comprising a KOH etch, an NaOH etch, a 
HF/HNO3 etch, a H3PO4 etch and an argon plasma etch. 

27. The method as claimed in any one of claims 1 to 26 wherein the metal layer has 
5 a thickness in the range of 30 — 500 nm. 

28. The method as claimed in any one of claims 1 to 27 wherein the amorphous 
semiconductor layer used in the metal-induced crystallisation process has a thickness in 
the range of 30 - 750 nm. 

29. The method of claim 28 wherein the metal layer has a thickness of 200 hm ± 10 
10 % and the amorphous semiconductor layer has a thickness of 300 nm ± 10 %. 

30. The method as claimed in any one of claims 1 to 29 wherein the metal-induced 
crystallisation is performed by annealing the sample at a temperature of 650 °C or less. 

31. The method of claim 30 wherein the metal-induced crystallisation is performed 
by annealing the sample at a temperature of 500 °C or less for 2 hours. 

15 32. The method as claimed in any one of claims 1 to 31, wherein the polycrystalline 
layer formed by metal-induced crystallisation on a foreign substrate is used as a seed 
layer for the formation of a further polycrystalline layer, the method further 
comprising: 

Cleaning the surface of the seed layer to remove any oxides or other 
20 contaminants; 

Forming a second amorphous layer of a semiconductor material over the cleaned 
surface of the seed layer; 

Heating the substrate, die seed layer and the second amorphous layer to 
crystallise the semiconductor material by solid phase epitaxy (SPE). 
25 33. The method as claimed in claim 32 wherein the semiconductor material of the 
seed layer and the second amorphous layer are of the same semiconductor material with 
the same or different doping. 

34. The method as claimed in claim 32 wherein the semiconductor material of the 
seed layer and the second amorphous layer are different semiconductor materials. 

30 35. The method as claimed in claim 32 or 34 wherein the semiconductor material of 
the second amorphous layer is germanium or an alloy of silicon and ger manium 
36. The method of claim 35 wherein the substrate, the seed layer and the second 
amorphous layer are heated to a temperature in the range of 200 - 650 °C to crystallise 
the semiconductor material by SPE. 

35 37. The method as claimed in claim 32 or 33 wherein the second amorphous layer is 
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38. The method of claim 37 wherein the substrate, the seed layer and the second 
amorphous layer are heated to a temperature in the range of 520 - 560 °C for a period 
in the range of 15 to 20 hours to crystallise the semiconductor material. 

39. The method of claim 38 wherein the substrate, toe seed layer and the second 
5 amorphous layer are heated to a temperature of 540 ± 5°C for a period of 17 ± 0.1 

hours to crystallise toe semiconductor material. 

40. The method as claimed in any one of claims 32 to 39 wherein the second 
amoiphous layer is simultaneously doped as it is formed. 

41. The method of claim 37, 38 or 39 wherein the second amorphous layer is 
10 simultaneously and progressively doped with gallium and then phosphorus as it is 

formed. 

42. The method of claim 37, 38 or 39 wherein the second amoiphous layer is 
simultaneously and progressively doped with boron and then phosphorus as it is 
formed. 

15 43. The method as claimed in any one of claims 32 to 42 wherein the second 
amorphous semiconductor layer is formed by plasma enhanced chemical vapour 
deposition, sputtering, chemical vapour deposition, resistively heated evaporation or 
electron beam evaporation. 

44. The method as claimed in any one of claims 32 to 42 wherein the second 
20 amoiphous semiconductor layer is formed in a vacuum electron beam evaporation 

process at a temperature of 20 - 400 °C. 

45. The method of claim 44 wherein toe second amorphous semiconductor layer is 
formed in a vacuum electron beam evaporation process at a temperature of 150 °C ± 20 
°C and at a pressure of less than Sx 1 0" 7 Toir. 

25 46. The method of claim 45 wherein the semiconductor deposition process to 
deposit toe second amorphous semiconductor layer is performed at a pressure of less 
thanlxl0' 7 Toir. 

47. The method of claims 44, 45 or 46 wherein the second amorphous 
semiconductor layer is formed in a electron beam evaporation process with a deposition 

30 rate of up to 2 um/min. 

48. The method as claimed in any one of claims 44 to 47 wherein toe second 
amoiphous semiconductor layer is deposited at a rate of 100 nm/min or more. 

49. The method of claim 48 wherein toe second amorphous semiconductor layer is 
formed in an electron beam evaporation process with a deposition rate of 250 =fc 20 

35 nm/niin. 
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50. The method as claimed in any one of claims 32 to 49 wherein the amorphous 
semiconductor material of the second amorphous semiconductor layer is doped to a 
predetermined doping profile during an electron beam evaporation deposition process 
using resistively heated p-type and n-type dopant effusion cells in the vacuum electron- 

5 beam evaporation chamber while the deposition process takes place. 

51. The method as claimed in any one of claims 32 to 50 wherein the substrate, the 
seed layer and the second amorphous semiconductor layer are heated in a vacuum 
furnace. 

52. The method as claimed in any one of claims 32 to 50 wherein the substrate, the 
1 0 seed layer and the second amorphous semiconductor layer are heated in an atmospheric 

furnace. 

53. The method as claimed in any one of claims 32 to 52 wherein the substrate, the 
seed layer and the second amorphous semiconductor layer are heated by radiative 
heating. 

15 54. The method as claimed in any one of claims 37 to 39, 41, or 42 wherein the step 
of cleaning the seed layer surface comprises a process which creates a hydrogen- 
terminated silicon surface and the substrate is transferred to the semiconductor 
deposition chamber within 60 minutes of completion of the cleaning step. 

55. The method of claim 54 wherein the step of cleaning the seed layer surface 
20 comprises the further steps of: 

i. immersing the surface for 10 minutes in a fresh 1:1 mixture of 
hydrogen peroxide and sulfuric acid ; 

ii. rinsing the surface in de-ionized water; 

hi. immersing the surface for 30 seconds in diluted (5%) hydrofluoric 
25 acid; 

iv, immersing the surface in de-ionized water- and 

v. drying the surface with gaseous nitrogen. 

56. The method as claimed in any one of claims 37 to 39, 41, 42, 54 or 55 wherein 
after the step of crystallisation by solid phase epitaxy, a further high-temperature anneal 

30 is performed at a temperature in the range 700 - 1000 °C for a period of less than five 
minutes to increase the fraction of electrically active dopant atoms in the crystalline 
semiconductor material. 

57. A method of forming a film of polycrystalline semiconductor material on a 
supporting substrate of foreign material, the method comprising: 
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i Forming a polycrystalline seed layer of a seed layer semiconductor material 
onto a target surface of the substrate on which the polycrystalline 
semiconductor film is to be formed, 
ii. Cleaning the surface of the seed layer to remove any oxides or other 
5 contaminants; 

iii. Forming ova the cleaned surface of the seed layer an amorphous layer of 

the semiconductor material to become the polycrystalline filrq; 
iv - Heating the substrate, the seed layer and the amorphous layer to crystallise 
the amorphous semiconductor material by solid phase epitaxy (SPE). 
10 58. The method of claim 57 wherein the substrate provides a planar base on which 
the semiconductor material is supported. 

59. The method of claim 57 or 58 wherein a surface on which the semiconductor 
material is supported is textured to assist light trapping in the semiconductor material 

60. The method of claims 57, 58 or 59 wherein the step of fqnning the amorphous 
15 layer of semiconductor material over the cleaned surface of the seed layer comprises 

forming an amorphous semiconductor layer by evaporation. 

61. The method of claim 60 wherein the step of forming the amorphous layer of 
semicon4uctor material over the cleaned surface of the seed layer comprises placing the 
substrate in a high-vacuum electron-beam evaporation chamber with a source of the 

20 semiconductor material and forming an amorphous layer of the semiconductor material 
over the cleaned surface of the seed layer using a high-vacuum, electron-beam 
evaporation deposition process; 

62. The method of claims 57, 58 or 59 wherein the step of forming the amorphous 
layer of semiconductor material over the cleaned surface of the seed layer comprises 

25 forming an amorphous semiconductor layer by plasma enhanced chemical vapour 
deposition. 

63. The method of claims 57, 58 or 59 wherein the step of forming the amorphous 
layer of semiconductor material over the cleaned surface of the seed layer comprises 
forming an amorphous semiconductor layer by sputtering. 

30 64. The method of claims 57, 58 or 59 wherein the step of forming the amorphous 
layer of semiconductor material over the cleaned surface of the seed layer comprises 
forming an amorphous semiconductor layer by chemical vapour deposition, 
65. The method as claimed in any one of claims 57 to 64 wherein the substrate 
comprises a sheet of substrate material over which a preliminary layer is deposited and 

36 the target surface is a surface of the preliminary layer. 
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66, The method of claim 65 wherein which the preliminary layer is a silicon nitride 
or aluminium oxide or silicon oxide film 

67. The method as claimed in any one of claims 57 to 66, wherein the second 
amorphous layer is silicon. 

5 68. The method as claimed in claim 67 wherein the substrate, the seed layer and the 
amorphous semiconductor layer are heated to a temperature in the range of 520 - 560 
°C for a period in the range of 15 to 20 hours to crystallise the amorphous 
semiconductor material. 

69. The method of claim 68 wherein the sample is heated to a temperature of 540 ± 
10 5 °C for a period of 17 ± 0.1 hours to crystallise the amorphous semiconductor 

material. 

70. The method as claimed in any one of claims 57 to 65 wherein the semiconductor 
material of the second amorphous layer is germanium or an alloy of silicon and 
germanium. 

15 71. The method of claim 70 wherein the substrate, the seed layer and the second 
amorphous layer are heated to a temperature in the range of 200 - 650 °C to crystallise 
the semiconductor materia by SPE. 

72. The method as claimed in any one of claims 67 to 69 wherein the amorphous 
silicon layer is formed at a temperature of 20 - 400 °C> 
20 73. The method as claimed in any one of claims 57 to 72 wherein the semiconductor 
material of the seed layer and the SPE polyciystalline layer are the same semiconductor 
material with the same or different doping. 

74. The method as claimed in any one of claims 57 to 72 wherein the semiconductor 
material of the seed layer and the SPE polycrystalline layer are different semiconductor 

25 materials. 

75. The method as claimed in any one of claims 57 to 74 wherein the amorphous 
layer is simultaneously doped as it is formed. 

76. The method of claim 67, 68, 69 or 72 wherein the amorphous layer is 
simultaneously and progressively doped with gallium and then phosphorus as it is 

30 formed. 

77. The method of claim 67, 68, 69 or 72 wherein the amorphous layer is 
simultaneously and progressively doped with boron and then phosphorus as it is 
formed. 

78. The method of claim 72, 76 or 77 wherein the amorphous layer is formed at a 
35 temperature of 150 °C+/- 20 °C and at a pressure of less than 5xlO~ 7 Torr. 
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79. The method of claim 78 wherein the semiconductor deposition process to 
deposit the amorphous layer is performed at a pressure of less than 1 x 10~ 7 Toir. 

80. The method as claimed in any one of claims 57 to 79 wherein the amorphous 
layer is formed in an electron beam evaporation process with a deposition rate of up to 

5 2 fim/rrmv 

81. The method of claim 80 wherein the amorphous layer is deposited at a rate of 
1 00 nm/min or more. 

82. The method of claim 80 or 81 wherein the amorphous layer is formed with a 
deposition rate of 250 ± 20 nm/mm 

10 83/ The method as claimed in any one of claims 57 to 85 wherein the semiconductor 
material of the amorphous layer is doped to a predetermined doping profile during the 
deposition process using resistively heated p-type and n-type dopant effusion cells in 
the vacuum electron-beam evaporation chamber while the deposition process takes 
place. 

- 1 5 84. The method as claimed in any one of claims 57 to 83 wherein the substrate, the 
seed layer and the amorphous semiconductor layer are heated in a vacuum. 
85. The method as claimed in any one of claims 57 to 83 wherein the substrate, the 
seed layer and the amorphous semiconductor layer are heated in an atmospheric 
furnace. 

20 86. The method as claimed in any one of claims 57 to 85 wherein the substrate, the 
seed layer and the amorphous semiconductor layer are heated by radiative heating. 

87. The method as claimed in any one of claims 67, 68, 69, 72, 76, 77, 78, or 79 
wherein the semiconductor material is silicon and the cleaning step comprises a process 
which creates a hydrogen-terminated silicon surface and the substrate is transferred to 

25 the semiconductor deposition chamber within 60 minutes of completion of the cleaning 
step, 

88. The method of claim 87 wherein the step of cleaning the seed layer surface 
comprises the further steps of: - 

vi. immersing the surface for 10 minutes in a fresh 1:1 mixture of 
30 hydrogen peroxide and sulfuric acid; 

vii. rinsing the surface in de-ionized water; 

viii. immersing the surface for 30 seconds in diluted (5%) 
hydrofluoric acid; 

ix. immersing the surface in de-ionized water; and 
35 x. drying the surface with gaseous nitrogen. 
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89. The method as claimed in any one of claims 57 to 88 wherein the substrate is a 
matenal selected from the group comprising quartz, glass (including float glass 
borosnicate glass and other glass types), metal, graphite, ceramics, plastics and' 
polymers. 

5 90. The method as claimed in any one of claims 67, 68, 69, 72, 76, 77, 78, 79 or 88 
wherein after the step of crystallisation by solid phase epitaxy, a further high- 
temperature anneal is performed at a temperature in the range 700 - 1000 °C for a 
period of less than five minutes to increase the fraction of electrically active dopant 
atoms in the crystalline semiconductor material. 
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